IMPORTANT TARGET IN GENE THERAPY
Background. Autosomal-dominant polycystic kidney dis-
OF THE KIDNEY
ease (ADPKD) is the most common hereditary renal disease and a frequent cause of chronic renal failure. The cloning of With a prevalence of ϳ1:1000 [1, 2] , ADPKD is the the PKD1 and PKD2 genes, which are mutated in the great most frequent hereditary renal disease in man. The majority of patients with this disease, opens up the opportunity course of the disease is slowly progressive, thus leading for somatic gene therapy by introduction of the wild-type gene or cDNA. Several publications have provided evidence, that to chronic renal failure in ϳ50% of the patients at age many portions of the nephron and the collecting duct can 60 [3] [4] [5] and contributing to ϳ5-10% of all cases with form cysts, including the proximal tubule. Alterations in the end-stage renal disease [6] [7] [8] [9] . The cloning of the PKD1 proximal tubule may prevent the efficient endocytosis of fil-
[10] and PKD2 [11] genes, which are mutated in far more tered proteins and thus contribute to proteinuria, a frequent symptom in patients with polycystic kidney disease. At the than 90% of the patients with ADPKD [12, 13] , has same time this may also negatively affect various gene therapy opened up new treatment opportunities. It is now at least strategies, since endocytosis is important for the uptake of conceivable that a cDNA encoding the wild-type protein foreign DNA at least under some circumstances. In the (cy/ϩ) can be introduced into the kidneys of ADPKD patients, rat, a widely used animal model for ADPKD, cysts almost exclusively develop from proximal tubules, and we have therewhere it may functionally replace the mutated genes. In the earliest publication the use of a retroviral vector
Results. Similar to the observations made in ADPKD patients, proteinuria also develops in the (cy/ϩ) rat. Using FITChas been described [19] . This strategy, however, is severely under very specific circumstances, which severely limits their applicability in the setting of the kidney. for the kidney. In the first study reported, a recombinant adenovirus was administered through the renal artery and the ureter. While the retrograde route resulted in prominent ␤-galactosidase activity in the papilla, the injection into the renal artery led to the infection of the proximal tubules [21] . Similar results were published, when cadaveric human kidneys were used. Also in this case, reporter protein activity was predominant in the epithelium of proximal tubules [22] . The efficiency of recombinant adenovirus to restore a genetic defect was finally demonstrated in the case of the aquaporin-1 knockout mouse. The water channel aquaporin-1 is normally expressed in proximal tubules, descending thin limbs and vasa recta, where it is important for the transcellular movement of water [23] [24] [25] [26] . Its absence in aquaporin-1 knockout mice severely compromises the concentrating ability of the kidney [27, 28] . When an adenovirus encoding aquaporin-1 was injected into the tail vein of aquaporin-1 knockout mice, a strong expression of aquaporin-1 was evident in the liver and in the kidney. In the latter organ staining with an anti-aquaporin-1 antibody only resulted in the detection of aquaporin-1 in proximal tubules. Moreover, the concentrating ability of the aquaporin-1 knockout mice was partially restored [29] . bules [30] . Following their promising initial studies, the same group successfully used liposomes to correct renal nucleotides represent a very valuable option. Systemic adtubular acidosis in a mouse line, in which the gene coding ministration of oligonucleotides leads to their preferential for carbonic anhydrase II was inactivated [31] . Using accumulation in the kidney and the liver. At closer inspecdifferent liposomes and an access through the renal artion, it turned out that the oligonucleotides were predomitery, however, another group found a rather inefficient nantly taken up by proximal tubules [34] [35] [36] . Furthermore, expression of the reporter protein ␤-galactosidase in the an antisense strategy also resulted in the downregulation kidney [32, 33] . A complex between DNA and the catof NO-synthase type II [36] and of the sodium phosphate ionic polymer polyethylenimine (PEI), however, yielded cotransporter [37] , which demonstrates that the adminisa much higher transfection efficiency, and again the retration of antisense oligonucleotides can indeed have funcporter protein was predominantly detected in the proxitional consequences. mal tubule [32, 33] .
The use of viruses, liposomes, and cationic polymers WILL DEFECTIVE ENDOCYTOSIS IN CYST WALL EPITHELIA HINDER GENE THERAPY usually is aimed to restore or add function, but the intro-OF POLYCYSTIC KIDNEY DISEASE? duction of an exogenous protein may sometimes be impossible or not desirable; rather, the ablation of a certain For all the approaches described above, i.e., adenovirus [38, 39] , adeno-associated virus [40] , liposomes [41, 42] , protein may be preferrable. In such a case, antisense oligo- there is at least some evidence that endocytosis plays a
The corresponding interference phase-contrast view is shown in c. Bar, 20 m.
role in the uptake of the foreign DNA. Since cystically transformed proximal tubules may lose their differentiation markers [46] , it is of great importance to determine whether cyst wall epithelial cells derived from proximal amounts of total protein and albumin in their urine when tubules still endocytose properly. compared with age-matched (ϩ/ϩ) rats (Table 1) . When Proteinuria has been reported repeatedly in patients urine samples were analyzed under non-reducing condiwith ADPKD [47] [48] [49] [50] . So far, however, it is unclear what tions on protein gels, we found no evidence for the excrefactors contribute to the increased urinary excretion of tion of immunoglobulins (data not shown), which argues proteins. In our analysis of this problem, we have turned against a glomerular origin of proteinuria and rather to the (cy/ϩ) rat, a model for ADPKD which closely points to a tubular defect. This is in agreement with the resembles the human disease [46, [51] [52] [53] [54] [55] . Four-monthold male (cy/ϩ) rats excreted significantly increased origin of cysts in this particular rat model, which are
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derived predominantly from proximal tubules, the nephron segment with the greatest protein reabsorption capacity (Fig. 1) .
Initial support for the hypothesis, that cysts suffer from an endocytosis defect, was collected by administering FITC-labeled dextran to (cy/ϩ) rats. As demonstrated previously [56], FITC-dextran, which serves as an endocytosis marker, was readily taken up by normal proximal tubules (Fig. 2) . We noticed, however, that some cysts did not accumulate any FITC-dextran or showed only a patchy reabsorption of FITC-dextran (Figs. 3a and 4a) . In order to gain further evidence for an endocytosis defect in cyst-lining epithelial cells, we performed immunohistochemistry with antibodies against the chloride channel ClC-5 and against megalin. Proteins and peptides, which pass the glomerular filtration barrier, are effectively reabsorbed in proximal tubules. An important first step in the reabsorption process is the binding of albumin and other filtered proteins to receptor proteins such as megalin [57, 58] . Subsequent to the formation of those complexes, endosomes will form and the proteins will be degraded by lysosomal proteases. The acidification of the endosomal compartment is achieved through the action of a V-type H ϩ -ATPase, whereas the required counterions for the imported H ϩ -ions are probably provided by the action of the chloride channel ClC-5 [59, 60] . The crucial role of both megalin and ClC-5 for the reabsorption of proteins in the proximal tubule is demonstrated by the inactivation of their respective genes. A null mutation in the gene coding for megalin leads to low-molecular-weight proteinuria in mice [61] , and patients with mutations in ClC-5 suffer from Dent's disease and related syndromes, which are also characterized by massive low-molecular-weight proteinuria [62, 63] . Both with the anti-ClC-5 ( Fig. 3b) and with the anti-megalin antibody (Fig. 4b) , we were able to detect cyst wall epithelia that did not express the respective proteins any longer. The loss of megalin and ClC-5 correlated with the absence of FITC-dextran uptake (Figs. 3 and 4) , thus corroborating the endocytosis defect in portions of the cysts and offering an explanation for the proteinuria. 
